agronomy
Article

Diaphragm-Type Pneumatic-Driven Soft Grippers for
Precision Harvesting
Eduardo Navas * , Roemi Fernández * , Manuel Armada

and Pablo Gonzalez-de-Santos

Centre for Automation and Robotics, UPM-CSIC, Carretera CAMPO-REAL Km 0.2, Arganda del Rey,
28500 Madrid, Spain; manuel.armada@csic.es (M.A.); pablo.gonzalez@car.upm-csic.es (P.G.-d.-S.)
* Correspondence: eduardo.navas@csic.es (E.N.); roemi.fernandez@car.upm-csic.es (R.F.)

Abstract: Soft actuator technology and its role in robotic manipulation have been rapidly gaining
ground. However, less attention has been given to the potential advantages of its application to
the agricultural sector, where soft robotics may be a game changer due to its greater adaptability,
lower cost and simplicity of manufacture. This article presents a new design approach for soft
grippers based on modules that incorporate the concept of bellows and combine it with the versatility
and replicability of a 3D printed structure. In this way, the modules can be freely configured to
obtain grippers adaptable to crops of different diameters. Furthermore, the definition of a method
to determine the soft grippers features is also presented, with the aim of serving as the basis for
a future benchmarking study on soft actuators. The experimental tests carried out demonstrated
the feasibility and capability of the end-effectors to manipulate various fruits, ensuring a sufficient
contact area for the safe handling of the targets and avoiding damaging the products.
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Although robotics has traditionally been dominated by rigid link designs, during the
last two decades this field has undergone a major paradigm shift thanks to the incorporation of soft technologies. The growing interest in the use of new materials has made
soft robotics a well-defined research area that aims to improve the interaction between
robots and unstructured environments and humans by providing variable adaptability and
compliance [1].
In the literature, soft robotics can be found in diverse fields of application, such
as medicine and rehabilitation [2,3], assistance [4–6], search and rescue [7,8] and agroforestry [9]. Applications that require manipulation in low-information environments have
also been attracting much attention, with prototypes ranging from those attempting to
replicate a human hand [10–13] to those that see nature as a source of inspiration for other
types of grips [14–17]. Soft grippers can provide significant advantages when there is
a need for actuation without precise positioning or without knowledge of the shape or
material of the object to be grasped [18]. On the other hand, the ease of manufacture of this
type of soft device is remarkable, without the need for heavy machines or machining skills.
All these advantages have led many researchers to develop new soft designs, which have
been on the rise in recent years and will continue to increase in the coming future.
Another emerging application area where soft robotics can have a significant impact
is precision agriculture [19–21] and more specifically, automatic and selective crop harvesting [22,23]. In recent years, the agricultural sector has undergone a deep transformation to
cope with the growing demand for food [24–26], introducing advances on machine vision
and detection systems [27–30], decision-making architectures [31,32] and autonomous navigation [33]. However, less attention has been paid to improve the dexterous manipulation
and the grasping capabilities for selective harvesting. The variability of agri-food products
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and the delicacy with which it is necessary to handle them to avoid bruising make soft
robotics especially suitable for this purpose. However, it is important that the proposal
for new soft grippers is linked to the fulfillment of certain performance requirements, and
therefore, methodologies that enable a comparative evaluation of them should also be
envisaged. From an agricultural point of view, these methodologies can include different
evaluation criteria, such as the capacity to grasp different types of fruits, grippers size, lifting ratio, power consumption, scalability, response time, surface conditions or technology
readiness level (TRL) [34–37]. Otherwise, the literature will tend to be filled with novel but
impractical designs.
For this reason, this article aimed to present a new design approach for soft grippers
based on modules that combine the use of a pneumatic-driven soft diaphragm actuator and
a 3D printed structure. The main advantage of the pneumatic-driven diaphragm actuators
over other soft actuators is the ease of manufacture. On the other hand, the 3D printed
structure establishes a series of constraints on the degrees of freedom (DoFs) of the soft
actuator, which facilitates the control of the gripper. The proposed modules can then be
freely configured to obtain grippers adaptable to products of different diameters. Another
contribution of this article is to propose a series of easy-to-implement measurement tests to
characterize all types of soft diaphragm actuators so that they can serve as the basis for a
benchmarking analysis.
The remainder of the article is organized as follows. Section 2 details the steps followed
for the design and manufacturing of the modular soft grippers, while Section 3 presents the
control system implemented for the pneumatic-driven diaphragm actuators. A proposal for
the measurement of the characteristics of soft actuators is described in Section 4. Section 5
discusses the main results obtained from the experimental evaluation of the proposed soft
grippers. Finally, Section 6 summarizes major conclusions.
2. Design and Manufacturing Approach
To identify the essential requirements that a soft gripper should meet to be fully operational, agricultural processes and, particularly, harvesting tasks have been
reviewed [19,36,38]. One of the requirements identified for increasing the profitability
of harvesting machinery is the capability to handle different types of crops. For this reason,
the goal was to achieve a fully adaptable and modular design concept. The engineered
module can be assembled in a variety of ways to obtain a large number of diameters and
lengths. This feature allows a gripper designed under this concept to be recombined to
adapt it to the harvesting of different types of fruits. Another requirement in this field is
simplicity, which translates into interchangeable and easy-to-fix systems. That is why the
design approach is based on single modules, which can work independently and are easy
to manufacture. Other requirements are more related to the preservation of the quality
standards of the fruit than the harvesting process itself, such as avoiding damage to the fruit
and the use of non-hazardous materials and designs that prevent the spread of diseases
and pests. This important aspect has been ignored in the design of new grippers, whose
main disadvantages were the use of materials that could damage the fruits and the complex
designs that made cleaning difficult. Hence, the need to use a combination of soft robotics
technology with hygienic designs and variable compliance prevents damage to the fruit
and the crop. Environmental friendliness, durability and robustness are also important
requirements for agricultural and industrial applications. For this reason, the selection
of the materials for the manufacturing process has been carefully made to meet these
requirements. Finally, the modular soft gripper is designed to be used as the end effector of
a robotic manipulator [39,40], being able to perform almost all the harvesting movements
required, also known in the literature as picking patterns [20–23]. These picking patterns
are in some cases a combination of simple movements, which can be grouped into twisting,
pulling, lifting and bending.
In the following, the type of soft material selected and how the material is modeled
to achieve the proposed pneumatic-driven soft diaphragm actuators are described. In
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addition, the strengths of the design, which are based on its geometry and modularity,
are also explained. Lastly, the manufacture and assembly of the soft grippers modules
are presented.
2.1. Materials
Several materials, such as Ecoflex [41,42], Dragon Skin [12,43–45] or Elastosil
M4601 [42,46–48] are commonly used for soft robotics. Although all of them have been
demonstrated to be a valuable option in the manufacturing process due to their ultrasmooth features, it is difficult to know their exact chemical composition since their main
applications refer to the manufacture of objects outside the scientific field. Nevertheless,
polydimethylsiloxane (PDMS), commercially known as Sylgard 184, has been used in many
research applications [41,44,49–52] and allows not only the determination of its mechanical
properties, such as high elasticity [53] and thermosetting [49], but also the mathematical
modeling of its behavior with great precision by means of a finite element method (FEM)
analysis. Another advantage that this material shares with some of the commonly used
materials in soft robotics is the ability to cure at room temperature, which is key to simplifying the soft gripper modules’ manufacturing process and reducing its cost. However,
if required, this process could be accelerated in their industrial manufacture through the
use of ovens, which could reduce the curing times from 24 h to 10 min at 150 ºC [53]. In
addition, PDMS is declared in their safety data sheet as a non-hazardous substance, which
guarantees safe interaction with biological products and makes it suitable for agricultural
applications. Lastly, PDMS is relatively resistant to fatigue and does not age readily. This
means that the PDMS actuator is very suitable for agricultural and industrial applications.
Furthermore, PDMS composites that dissipate little energy during normal the operation of
cyclic loads (low hysteresis), but dissipate much energy to resist rupture (high toughness),
and survive prolonged cyclic loads (fatigue resistant) have recently been proposed [54].
2.2. Soft Design
Regarding the geometric design, the grippers proposed in this article consist of singlechannel diaphragm-type actuators. One of the advantages of this kind of geometric design
is the simplicity of the process required for its manufacture, which can be divided into two
main steps. The first step is the filling of the molds, the diaphragm and the cover, which
facilitates molding in comparison to other multiple-channel actuators. The second step is
the fixing of these two parts, in which the same material from other parts is used. Another
advantage of this kind of soft actuator is the ease of its control. This benefit is because soft
diaphragm actuators are designed to only move on one axis, while motion on other axes is
considered negligible. Thus, it directly affects the control of the DoFs of the gripper.
The proposed soft diaphragm is also characterized by using the bellows concept,
which differs from other geometries in its inflation behavior. In other geometries, such as
those based on cylinders, cubes or spheres, the inflation behavior tends not only to produce
a forward elongation but also to waste forces on the side walls. This effect tends to reduce
the forward advance in both cylindrical and cubic geometries due to radial expansion.
A special case is the spherical geometry, which exhibits better inflation behavior than
the others, although it has the great disadvantage of requiring intricate molding for its
manufacturing process. However, the bellows-based geometry, particularly the proposed
bellows-cylinder geometry, can be studied as a combination of cylindrical and spherical
shapes. This approach partially solves the problem described because the forces applied by
radial inflation are also used for forward elongation, extending almost the entire body of
the gripper in that direction. The difference between these geometries can be observed in
Figure 1.
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(a)

(b)

(c)
(d)
Figure 1. An example of the inflation behavior of 30 mm geometries with 3 mm walls under an
internal pressure of 50 kPa. (a) Cubic geometry. (b) Cylindrical geometry. (c) Spherical geometry.
(d) Bellows-based geometry. As can be observed in (a) and (b), part of the air flow is wasted on the
expansion of the walls to different degrees depending on the geometries, which does not contribute
to the forward displacement. This method does not seriously affect sphere-based geometry, but due
to manufacturing criteria, bellows-based geometry is an important option to consider.

With the purpose of designing suitable soft grippers for medium- to large-sized fruits,
two types of soft diaphragms are considered: one with smaller bellows than the other
but both with the same diameter. To determine their inflation behavior, the two designs
were modeled in COMSOL Multiphysics® using an FEM (see Figure 2). For this, PDMS
was modeled as a hyperelastic material. In the literature, several mathematical models
can be found to describe the behavior of this type of soft material. However, the secondorder Ogden model, compared with Mooney–Rivlin’s or Neo–Hookean’s models, more
accurately represents its response [55]. Furthermore, due to the inflation pressure, the
soft diaphragm will be under equibiaxial tension. This type of tension in hyperelastic
materials, which is the case for the PDMS material, was theorized by Ogden [56]. This
method involves elastic solids with a strain–energy function and isotropic behavior relative
to the stress-free ground state. It also assumes that the solid is incompressible. Thus, it can
be formulated as follows:
σi = µr aiαr − p,

(1)

where σi , i ∈ {1, 2, 3}, represents the principal Cauchy stresses (σ1 ,σ2 ,σ3 ), the parameters
µr and αr are experimentally obtained constants, ai represents the stretches (a1 ,a2 ,a3 ) and p
is an arbitrary hydrostatic pressure introduced because of the incompressibility constraint.
Due to the equibiaxial tension, two out of three principal stresses are equal, and the third
one is zero:
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σ2 = σ3 = σ, σ1 = 0

(2)

Moreover, the stretches can be written as follows:
a2 = a3 = a,

(3)

and due to the incompressibility assumption, it can be considered that a1 = a−2 . The
substitution of the aforementioned into (1) is as follows:
σi = µr aαr − p, 0 = µr aαr −2 − p.

(4)

The elimination of p yields:
σi = µr ( aαr − aαr −2 ).

(5)

Finally, Equation (5) is inserted into the FEM software together with the values of
µ, α and bulk modulus, which were obtained from [55]. The PDMS mix ratio used was
a 15-part base elastomer and a one-part curing agent. The data obtained from the FEM
software were shown in Figure 2 for the soft actuators, and in Figure 3 for a gripper with a
hexagonal configuration. All cases were analyzed under an air pressure of 50 kPa.

(a)

(b)
Figure 2. Model showing the displacements reached and the von Mises stress under 50 kPa pressure:
(a) 4-bellows soft actuator; and (b) 2-bellows soft actuator.
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(a)
(b)
Figure 3. Model showing the displacements reached on the actuators of the soft gripper with hexagonal configuration under constant pressure: (a) 4-bellows soft actuator; (b) 2-bellows soft actuator.

As can be seen in the figures above, the FEM analysis yields a larger displacement
for the 2-bellows actuator than for the 4-bellows actuator—10 and 9 mm, respectively.
Regarding the stresses, both actuators have a tensile strength of approximately 6.7 MPa,
which is the value indicated by the manufacturer.
2.3. Design of the Rigid Structure
One of the largest challenges in agricultural automation is to design a gripper that can
be multipurpose, i.e., it can harvest different types of fruits with minimal modifications.
Referring to soft robots, and more particularly to soft grippers, the aforementioned task
becomes even more intricate because this type of robotics requires a prior design of the
gripper, which obviously limits its scope. In the literature, a few research studies that
explore the concepts of modularity and scalability can be found. For example, the soft
gripper described in [49] presents a modular design, but it is only conceived for small
fruits and edible fungi, with simplified computational modeling and relatively minor
displacement, at the same inlet pressure, than the proposed soft actuator.
This article aimed to go one step further and advance in modularity and scalability to
achieve a quasi-universal gripper concept adaptable to each fruit. To this end, a 3D-printed
module is designed and made of polylactic acid (PLA), which is one of the best-known
synthetic biodegradable polymers, with good mechanical strength and low toxicity. Its
faster degradation makes it an environmentally friendly option compared to traditional
plastics [57]. As higher toughness is desired for durable applications, research progress
on toughening PLA based on plasticization, copolymerization, and melt blending with
different tough polymers, rubbers and thermoplastic elastomers can be found in several
recent review articles [58–64]. In addition, many PLA formulations with improved toughness are available in the market for durable applications, as summarized in [65]. The
proposed PLA structure has the following advantages. First, the module is independent of
the gripper; i.e., it can work on its own and make the gripper adaptable to a wide variety
of tasks. Second, the gripper is interchangeable, which makes it deeply reliable. This novel
feature is an advantage over other soft grippers, which are usually formed in a single
body configuration. Therefore, if any failure occurs in these devices, it is necessary to
change the entire gripper. Third, this module is completely replicable: as both the rigid
components and the mold of the soft components can be easily 3D printed, the materials
used for their manufacture are fully available and inexpensive, and there is no need for
the postprocessing of the parts. The main parts of the soft gripper module can be seen in
Figure 4.
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(a)

(b)

(c)
Figure 4. Main parts of a single soft gripper module with the two types of actuators: (a) rigid
structure; (b) 4-bellows actuator; and (c) 2-bellows actuators. All dimensions are in mm.

Finally, the proposed design concept allows the soft grippers to be configured with
diverse geometries, which makes them fully adaptable not only to different types of
fruits and vegetables but also to different manipulation methods. Figure 5 shows several
examples of soft grippers obtained from different configurations of the proposed modules.
In Figure 5a, several closed gripper configurations are presented. These close configurations are suitable when multiple points of contact are needed. Thus, these grippers
offer better control of the object and are capable of performing almost all the required
harvesting movements or picking patterns. On the other hand, the proposed modules
can also be configured in open configuration, as shown in Figure 5b. Unlike close chain
configurations, which are intended to harvest fruits that are always hanging vertically,
open chain configurations are indicated for medium-to-large sized fruits that usually lay
on the ground, such as watermelons, melons or pumpkins.
It is also worth mentioning that the interaction between the soft components and the
rigid structure was studied by FEM, confirming that no relevant load values are presented
in the structure.
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(a)

(b)
Figure 5. Examples of soft grippers obtained from the proposed design approach: (a) closed gripper
configurations; and (b) open gripper configurations.

2.4. Manufacturing and Assembly
For the manufacture of the gripper actuators, a molding process widely used and
discussed in the soft robotics literature was followed [66–68]. A graphical summary of the
molding process is shown in Figure 6.
The process is described as follows: (i) The mold is printed by a 3D printer; in this
case, the plastic used was PLA; (ii) once the mold is mounted (Figure 6a), PDMS is poured
over it (Figure 6b); (iii) then, the two molds with PDMS are placed in a vacuum chamber
(Figure 6c) to eliminate internal bubbles. After this vacuum process, the entire assembly
is left to cure at room temperature for one to two days, depending on the environmental
conditions; (iv) next, the demolding process is carried out (Figure 6d), gluing the two
resulting parts with PDMS (Figure 6e); and (v) finally, after waiting one day, the soft
actuator is fully operational (Figure 6f). In some cases, a silicone sealant, Loctite 5699, is
applied to prevent air leakage between the polyurethane (PUR) pipe and the PDMS of the
soft actuator.

Agronomy 2021, 11, 1727

9 of 24

(a)

(b)

(c)

(d)
(e)
(f)
Figure 6. Molding process. The PLA mold is shown in dark gray, the fresh PDMS soft gripper is
represented in blue, the precured PDMS is in striped blue, the cured PDMS soft actuator is displayed
in light gray and the PUR pipe is in green. (a) Mold assembly. (b) Pouring of the PDMS on the
mold. (c) Vacuum process. (d) Demolding. (e) Gluing with PDMS of the two resulting parts. (f) Fully
assembled soft actuator.

Although the ease of manufacture of the proposed approach is remarkable, it is worth
mentioning the need for repeatability and accuracy studies that research how to mitigate
the common effects that appear in soft actuators, such as delamination or interstitial bubbles
that can be the result of faulty manufacturing. To solve these problems, several solutions
have been proposed, such as the use of vacuum chambers [47,69–71], for which positive
results have been reported. However, it is impossible to find in the literature a method
where, for example, variables such as pressure or time are controlled as a function of
volume to ensure the repeatability of the process. Procedures based on the 3D printing of
soft materials, as well as lost wax manufacturing, may become interesting options in the
future, given their greater possibilities for achieving repeatability and accuracy during the
manufacturing process.
Once the soft actuator is manufactured and the rigid components are printed with
a 10% infill, the soft part is inserted into the hole of the rigid structure and attached to
it via a screwed clip. With all this, the standalone module is fully assembled. To mount
the modules for different gripper configurations, nylon threaded rods, washers and nuts
can be used (see Figure 7a). The preference for the use of nylon fasteners is due to their
low-density property, which is useful for lightweight robotic manipulators. However, it
can be replaced by steel if the application requires it. A fully assembled module and some
examples of soft grippers’ configurations are shown in Figure 7b.
One of the main advantages of the proposed design approach is that it allows the rigid
structures of the modules to be assembled following various geometries that facilitate the
positioning of the soft actuators to ensure sufficient contact areas that provide stable grips
for different types of fruits. Figure 8 shows that due to the proposed design, even other
grips, different from the ideal one (i.e., one in which the fruit is centered at the midpoint of
the gripper) are equally feasible. If the object (represented by the blue areas in Figure 8)
and the closed configuration gripper are concentric, all the actuators will be involved in
the grasping. On the contrary, if the target is located in other areas, such as in the orange
areas, the grasping could be carried out by means of only two actuators.
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(a)
(b)
Figure 7. Modules, assembly process and various configurations. (a) Assembly of the modules.
(b) Fully assembled modules and several soft grippers configurations.

(a)

(b)
Figure 8. Feasible grip areas. (a) Closed gripper configurations. (b) Open gripper configurations.

As can be seen in Figure 8a, the closed configurations offer a larger grasping area than
open configurations, as shown in Figure 8b, since the object can even be placed between
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the rigid part, which acts as a fulcrum, and the soft actuators. Furthermore, it could be
derived that the grasping points of an object in closed configurations will be from 2 to
n, where n is the number of soft actuators placed on the gripper, which depends on the
fruit. On the other hand, in open configuration, it is necessary to adapt the pressure of each
actuator independently, since generally the actuators at the ends support the load of the
target, while those on the inside help to prevent its rotation during the grasping. Another
important advantage of the proposed design approach is that the 3D printed structure
establishes a series of constraints on the DOFs of the soft actuator, which facilitates the
control of the grippers.
3. Control System
Deformability and compliance are some of the main characteristics of soft robotics,
which translate into a large intrinsic number of DoFs. This obviously affects the control
system in terms of complexity. However, such DoFs, given the elastic behavior of the material, offer the possibility of performing movements such as bending, twisting, stretching,
compression, and buckling wrinkles [72]. Typically, the soft control barrier is compensated
by a high level of sensorization of the systems. Other authors [73] have used real-time
FEMs to control soft elastomer robots. This approach can be a good option, as long as a
good mathematical model of the material is used, which is complicated for certain soft
materials.
On the other hand, authors such as [74] used rigid components embedded in soft
actuators. This hybrid concept was developed in recent decades as a combination of
soft robotics and rigid robotics [74,75]. The gripper concept proposed in this article can
be studied as a particular case of a hybrid grippers, not only because there is a physical
combination between these two technologies but also because the rigid structure establishes
a series of constraints on the DoFs of the soft actuator, which facilitates the control of the
gripper. The modular soft grippers are then controlled by a LabView interface, from which
the pneumatic electrovalves can be activated and their pressure can be manually adjusted.
Furthermore, as can be seen in Figure 9, the soft actuators can operate automatically
via proportional–integral–derivative (PID) control, where the feedback is the internal
pressure measurement provided by the pressure sensor located at the inlet of the soft
actuator. This controller reads the pressure change with a frequency of 50 Hz, and if its rate
of change is greater than that caused by the electropneumatic regulator, it means that the
soft actuator is in contact with the object due to the decrease in the volume of the gripper
and the increase in the actuator internal pressure (see the red point in Figure 9). This makes
it possible to monitor the contact of the soft actuator without sensors embedded in it.

Figure 9. Diagram of the control method for the soft actuator without embedded sensors.
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Electronic and Pneumatic System
To drive the modular soft grippers, sensor and control elements are required to ensure
the accuracy of the air pressure measurement and a constant airflow. In Figure 10, the
electronic and pneumatic systems are schematically described.

(a)

(b)
Figure 10. Electric and pneumatic systems. (a) Electric scheme of the modular soft grippers. (b) Pneumatic scheme.

Figure 10a shows that the core of the electronic system is an Arduino, particularly a
Mega 2560, which controls the different elements by means of a LabVIEW interface. Table 1
shows the features of the air pressure regulator used. Furthermore, Figure 10b displays the
pneumatic system, which consists of (i) an Abart Start O15 air compressor with a power of
six liters and 1.1 KW; (ii) pneumatic air treatment equipment; (iii) a pneumatic solenoid
valve; (iv) an SMC ITV2050 electropneumatic regulator; and (v) a Honeywell 40PC air
pressure sensor (measurement range: 0–100 kPa, output voltage: 0.5–4.5 V, measurement
precision: ±0.4%).
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Table 1. Electropneumatic Regulator ITV2050 specifications.

Characteristic

Value

Pressure range
Max. supply pressure
Power consumption
Max. flow rate
Input signal
Mass
Linearity
Hysteresis
Repeatability
Response time

0.005–0.9 Mpa
1.0 MPa
4W
1500 L/min
0–10 Vdc
0.350 kg
±1%
0.5%
±0.5%
0.1 s

4. Determination of Soft Actuators Features
One of the main gaps that has not yet been addressed in soft actuators is the definition
of a method to determine their characteristics. However, it is clear that there is a need for
a reliable method that can quantify the soft actuator features to facilitate a comparative
study between the different models and establish not only different categories according to
their capabilities but also an index of improvement in the soft technology.
One of the most important characteristics of a soft gripper is the contact force that
it can exert on an object and its control, since its ability to grasp more or less sensitive
objects depends on this. The research studies presented in [12,48,49] use different types of
contact force measurements. In [49], the contact pressure (Pc ) is found by means of FEM
software, and the contact area (Ac ) is measured by the “fingerprint” of the soft gripper on
a Styrofoam surface. The contact force (Fc ) is found by the well-known Equation:
Fc = Pc · Ac

(6)

Although it is a nice approximation, the method used to find the contact pressure is
not very reliable because it depends on the mathematical model implemented in the FEM
software, the Mooney–Rivling model, which describes the behavior of PDMS with low
accuracy [55].
In [12], the measurement process is divided into three tests. In two of them, the
procedure is a trial and error, whereas in the last one, the Takei Physical Fitness Test is
performed. However, this test is only suitable for humanoid hands, so it is not applicable
for diaphragm-type grippers. Finally, another interesting measurement process can be
found in [48], where a pressure map is used. In the latter case, the pressure map is wrapped
in a tube with a radius adjusted to an appropriate curve for the soft gripper.
Thus, there is no standardized tests for measuring soft gripper properties. For this
reason, this article aims to propose a measurement process using two measuring devices by which soft grippers can be objectively analyzed, particularly those of the soft
diaphragm type.
Figure 11 shows the two devices used in the proposed processes to measure the
various features of soft actuators, which are the relation between the forward displacement,
contact force, contact area, contact pressure in the middle of the soft actuator and the inlet
air pressure.
The first parameter, the forward displacement, is measured in a press by means of a
dial gauge with an accuracy of 0.01 mm, the scheme of which can be seen in Figure 11a.
The other parameters, which are the contact force, the contact area and the contact pressure,
are measured using a press, such as the one outlined in Figure 11b, with an Entran ELWD1-500N compression load cell, whose technical specifications are listed in Table 2. This
load cell is selected because its load reading range is within the expected values for this
type of pneumatic actuator.
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Table 2. Main technical specifications of the compression load cells.

Characteristic

Value

Nonlinearity
Hysteresis
Thermal Zero Shift
Thermal Sensitivity
Deflection at "FS"
Operating Temperature
Thickness
Diameter

±1%
±1%
±2.5 mV/50 °C
±2.5%/50 °C
<0.013 mm nom.
(−40 to 120) °C
3.81 mm
25.4 mm

(a)
(b)
Figure 11. Devices for measuring the soft actuators features. (a) Assembly of the dial gauge to
measure the displacements in the soft diaphragm. (b) Assembly of the load cell to measure the
contact force in the soft diaphragm.

To proceed with the measurement process, it is necessary to take into account some
basic knowledge of geometry, which is better explained with the graphic description shown
in Figure 12.

Figure 12. Graphic description of the contact area and the non-contact area, where r is the actual
radius of the soft actuator, rc is the radius of the contact area, x is the distance between the actuator
and the object and h is the relative longitudinal distance between the soft actuator at rest and its
maximum displacement at a given pressure.
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Therefore, taking into account the diverse cases, the contact area can be stated
as follows:

x=0
 πr2 ,
Ac ( x ) =
(7)
0,
x > 0; h < x

πrc2 , x > 0; h > x
where rc can be expressed through various geometric relationships as: r2 − ( x + r − h)2 .
Therefore, the contact area will be accurate for each pressure and displacement. The
only assumption made was that the contact area was circular, which has been experimentally determined to be valid for this actuator geometry.
Once the contact area was obtained and the contact force was measured, the contact pressure in the middle of the soft actuator can be obtained by the contact pressure
distribution formulated by [76], here presented in Equation (8):
"
 k # 1k
N
rv
p(rv ) = Ck 2 1 −
rc
πrc

(8)

where N is the normal force, rc is the radius of the contact explained above, rv is the variable
radius, 0 ≤ rv ≤ rc , k determines the shape of the pressure profile, and Ck is a coefficient
that adjusts for the profile of the pressure distribution over the contact area to satisfy the
equilibrium condition.
In [77], the author shows that for soft contact, the value of k is approximately 1.8. With
that, the value of Ck can be calculated as follows:

3 kΓ 3k
 
(9)
Ck =
2 Γ 1 Γ 2
k

k

Since p0 , which is the pressure in the middle of the actuator, can be a target value for
evaluating a soft actuator, rv is substituted by 0 to obtain the contact pressure in the middle
of the soft actuator, leaving Equation (8) as
p0 = p(0) = Ck

N
πrc2

(10)

With all of the above, the proposed measurement process has been described in order
to characterize the soft actuators in terms of forward displacement, contact force, contact
area and contact pressure.
5. Evaluation
In order to validate the feasibility of the proposed approach and evaluate its performance, several experimental tests were carried out.
First, two types of soft actuators were characterized following the method described
in Section 4, one with four small bellows and the other with two larger bellows, with the
aim of comparing their behavior. The graphs in Figure 13 show the experimental results
obtained during these tests.
As can be observed in Figure 13a, the two soft actuators exhibit an almost linear
behavior and a similar performance to that obtained in the FEM simulations. In addition,
it has been experimentally proven that the 2-bellow actuators can reach more force than
the 4-bellow actuators, as shown in Figure 13b. Thus, it can be concluded that the thicker
the actuator walls are, the more force they can exert due to the input pressure that this
actuator can handle. However, if the walls are thinner, then the reliability of the actuator
is reduced, even though the displacements may increase. Therefore, the wall thickness
should be a variable in the actuator design. This thickness might be different depending
on the parts of the actuator in order to take advantage of the chosen geometry. Figure 13c
shows how the area increases almost linearly when the object is separated from the actuator
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by a certain distance. This behavior is because the contact surface is flat, with an area
larger than the actuator head. In Figure 13d, the results of the two previous graphs are
displayed, where it can be observed that the contact pressure will remain constant due to
the conditions of the experiment. During the tests, several behaviors are also observed
among actuators of the same type. This finding is due to the manufacturing process, which
causes the existence of some bubbles in the actuators. Finally, it can also be deduced from
the different experiments carried out that for the same actuator bellows diameter, short
bellows tend to behave as cylindrical geometries, which shortens their displacement, while
high bellows improve their displacement due to their spherical-like behavior.

(a)

(b)

(c)
Figure 13. Cont.
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(d)
Figure 13. Experimental characterization of soft actuators. (a) Experimental measurement of the
forward displacement as a function of the inflation pressure. (b) Measurement of the contact force
as a function of the inflation pressure. (c) Relationship between the contact area and the inflation
pressure. (d) Relationship between the contact pressure in the middle of the soft actuator and the
inflation pressure. Graphic legends show the distance between the soft actuator and the object.

Then, to evaluate the gripping force of the modular soft gripper, a grasping force
test [68] was conducted. This test, also known in the literature as a slip payload test [49]
or pull-off force test [67], was performed by using a system designed to both generate a
downward force and measure the slip payload. The system setup can be seen in Figure 14.

(a)

(b)
Figure 14. Slip test setup in a hexagonal configuration: (a) Soft gripper with three soft actuators;
(b) Soft gripper with six soft actuators.

In this slip payload test, a constant pressure of 50 kPa is used, and load is added until
either slippage occurs due to the vertical force exceeding the frictional forces of the gripper,
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or until the failure or cracking of the soft actuator occurs. The test result is a limit load of
4.75 kg and 10 kg for a hexagonal configuration of three and six soft actuators, respectively.
This limit load is sufficient to grasp most of the fruits on the market and does not limit
the load that a normal robotic manipulator can lift. This test also shows the modularity
and scalability of the proposed approach, considerably increasing the load capacity of the
gripper, without significantly influencing its structural design.
Several tests were also carried out to evaluate the grasping performance, as well as the
possible damages produced in real harvested fruits. To that end, a hexagonal configuration
gripper endowed with three soft actuators was mounted on one of the Kinova Mico
manipulators [78] that make up the ROBOCROP dual-arm robot [79,80] (see Figure 15a).
The gripper was tested with 20 artificial aubergines and 25 pieces of real fruits (5 pieces of
sweet peppers, pears, lemons, tomatoes and kiwis, respectively) that had reached a stage
of sufficient maturity to be edible and be satisfactorily accepted by consumers. Figure 15b
displays an example sequence of the harvesting process. The experimental results show
that the proposed design is capable of ensuring sufficient contact areas that provide stable
grips for different types of fruits, even when the target is not centered on the midpoint of
the gripper during the grasping (see Figure 15c). In this last particular case, the grasping is
carried out by means of only two actuators. The actual harvested fruits (see Figure 15d)
were also carefully observed both after the grasping tests and 24 h later, and no surface
damage was detected.
Table 3 summarizes the main characteristics obtained experimentally from both a
single soft gripper module and a hexagonal gripper endowed with six soft actuators.
Finally, Figure 16 lists the preferred soft gripper configurations for the different types
of fruits. This classification was made taking into account: (i) the particular characteristics
of the fruits to be harvested, such as their dimensions, mass, orientation and shape; and
(ii) the intrinsic properties of the proposed gripper configurations, including the gripping
range (maximum diameter between two contact points), the maximum lifting mass and
the number of contact points.
Table 3. Characterization of a soft gripper module and a hexagonal configuration gripper endowed
with six soft actuators.

Characteristic

Value

Mass of a single module fully mounted
Max. displacement of the soft actuator (75 kPa)
Max. contact force (75 kPa)
Operating pressure range
Mass of a fully assembled single floor hexagon configuration
Slip payload test (50 kPa)
Mean response time

69 × 10−3 kg
0.017 m
54 N
0–75 kPa
0.3 kg
10 kg
≈1 s
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(a)

(b)

(c)

(d)
Figure 15. Experimental tests to evaluate the grasping performance. (a) Soft gripper with hexagonal
configuration mounted on one of the Kinova Mico manipulators that make up the ROBOCROP
dual-arm robot. (b) Example sequence of the harvesting process with the proposed soft gripper.
(c) Grasping a target that is not centered on the midpoint of the gripper. (d) Evaluation of the soft
gripper with several real fruits.
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Figure 16. Preferred gripper configuration based on fruit type: (a) square configuration (two soft actuators); (b) hexagonal configuration
(three and six soft actuators); (c) octagonal configuration (four soft actuators); and (d) open configuration (six soft actuators).

As can be seen in Figure 16, the square configuration is suitable for small fruits. In this
case, the gripper was tested with a small pepper of 11.6 × 10−3 and a fig of 7.1 × 10−3 kg.
On the other hand, the hexagonal configuration equipped with three soft actuators is
capable of gripping a wide variety of fruits, given its grasping range and load capacity.
However, the hexagonal configuration with six soft actuators is the most recommended
to ensure the grip on heavy non-symmetrical fruits, since this gripper is capable of lifting
more weight than that of three actuators, due to its multitude of contact areas. In the
examples presented in Figure 16, the hexagonal configuration gripper equipped with three
soft actuators was used to grasp a tomato of 0.11 kg and a lemon of 96.6 × 10−3 kg, while
the hexagonal configuration gripper equipped with six soft actuators was used to grasp a
mango of 0.38 kg and a pear of 0.20 kg. The octagonal configuration, such as the previous
one, is also versatile, since it can provide two, three or four contact areas, being suitable
for most medium-sized fruits. The gripper was tested with a pomegranate and a red bell
pepper of 0.49 and 0.33 kg, respectively. Lastly, the open configuration is indicated for
medium-to-large fruits that usually lay on the grown. It is important to note that for this
configuration it is necessary to adapt the pressure of each actuator independently, since
generally the actuators at the ends support the load of the target, while those on the inside
help to prevent its rotation during the grasping. This configuration was experimentally
tested with a pumpkin and a watermelon of 2.26 and 2.15 kg, respectively.
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6. Conclusions
The soft robotics field has been rapidly increasing, especially in sectors such as manipulation and rehabilitation. However, less attention has been given to the agricultural sector,
where soft technology can have a significant impact, enabling the development of robotic
harvesters with responsive, safe and adaptable grasping capabilities.
This article proposes a modular soft gripper design whose main features are its versatility, ease of manufacture and assembly, affordability and adaptability for medium- to
large-sized fruits and the capability to handle agricultural products with all the advantages
offered by soft robotics technology. To this end, the concept of diaphragm-type soft actuators, particularly bellows-type design, is studied in depth by analyzing and experimentally
checking their behavior.
Furthermore, several steps were proposed to quantitatively determine the characteristics of the soft actuators, an often controversial issue, covered quite briefly in the literature,
especially with regard to the tools used to perform such measurements. The relevance of
soft characterization is crucial for its implementation in the industry and in other sectors,
such as agriculture and health, to make a fair benchmark. For this reason, the proposed
soft grippers are characterized in a broad sense, and the measuring instruments used are
also presented.
As a future line, it is intended to characterize sensorization, as well as to integrate
higher-level controllers based on artificial intelligence and machine learning, using the
virtues of diaphragm-type soft actuators. The trajectory planning of the ROBOCROP dualarm robot endowed with the proposed soft gripper for harvesting applications will also
be investigated. Furthermore, the energy consumption in this type of soft actuator [81,82]
could also be examined to increase its autonomy in real agricultural applications [38,83–85].
The study of methods to accurately assess the extent of surface and internal fruit damage
caused by excessive external forces from this type of gripper will also be addressed. Finally,
we will also carry out durability tests that analyze the life cycle of the proposed soft
actuators during the continuous operation of the grippers.
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